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CsmTION 1 .

INT; ODUCTION

The firsc phase of the work .onsisted in the desi'g‘n,‘ coustructiou '
.. _and as,:emb:.y of a novel ioﬁ sourc . for soiids, vhereby the sample is bom- |
bardcd with aa intense beanm of fa t nbbie gas ions, which should result in e e

<nutte‘i.n3 o¢ the sau-.pxe matenal’ 4 certain £taction' of éhe sputtg_tell

ma:erizl was expected to be 1oni- ¢. The ions ¢an be accelerated and

- aqalys’d in & mass spe-croaetet. A final .epo:t covetingo the ﬂ.tat pmelu

-

' was Sumt:ed to JPL on 28 Januar 1962.

Tie sccond phase of the work which is now cowyleted, involved thc
testir3 of the 1on source wu:h pa :icnhr cmphasis on ope:ational pet-

formanze and applicability to the different.types of solids.
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OPZRATION €? THE ION SOURCE

-

2.1 PRD ARY ION LEAM

-

The Duoplasmatzon turned oLt to be a good cnoice as a source for
the primery ions. 1Its ;opeyratr"or 4s sfwol: oo< reaizbie. Iypically, tm.

arc rupply voltage beiween fila: "nt and macde is et Lo *O )V, the mgm,t :

currcat is turred en o 1aen, . ‘ne [.lament currsc is tuor.l om and

‘ . slowiy i:.éz;e cd u...il a s--‘xt leficetion of the arc current mete: indi-, .
cates elc;cﬁrbn etnission ehic’m ¢ zurs a:. .‘zrf‘il.la:ncnt cui-rex;; of abour 9 a;w.
‘l'hen the gas inlet v...ve is ope: ad siﬁwly ‘uhtil the arc s:rﬁces, uhieh o
results in & ax.daen drop of the arc supply voltage to a value around’

50 vclt. The volt tage of the baifle-electrode against ‘the filameut is

then about 30 volt, and the are surfent is about 400 ma. The pressure =
. - withia the ducylaszatron is abort 20 nicfons,'aud in the target'regiom ' :

“abour 5 x 1.0.'6 torr. Operation >f the duoplascatron uader these condi- - .
tions ptoved to be optimal vith tegard to several aspects: The iou
exte:. ctioa hole ia the centet o: :he anode plate has a dxametet of

, ) ""“.008 mchc: N Due to etosion by the arc, this opening ~£dens up witﬁ g ‘_"'.:

ti.ne, wnic'n results 1n higher g.cs ‘consumption and an increase of thc ,‘ U




mm Hn /z~;¢¢

pres:are in the target region. s a tesmt., flashovers between the
' ;nbdp plate ané the ion excracci m ciecirode oceur .,easie‘r at highes

pressures. - - - T o e, R

¥hen the fon e\ctractim op¢ iing bc;o 228 TOO wide, the ..rc vill not
s:ri}a at all, bdecausa the press ire in tht. duoplasmatron cannot build

up suFE ic icntly. :

-

Thé useful life of the éx.tt iction ,opeéing was several hundred hou;s -
when the duoplasma:.r'onrwa‘s opers ied‘rundez" the above condi;ions; before
thc- anpde plate had to be exchar sed. Opcration at highet 'atc currcits.
si;oriens the useful life of the :xtraction opening consi_deraﬁly, whlch
makes it necessary to repll.ace‘tl-._z énode pfat'e in inconveniently short '

_iatervals. -

In order_t. to é:ﬁchange the gx:tacticn opcning,__originallj, the

) dubpi asrctroa had rto’ be disasse:;._)lec‘i cé::.pletely and the vhole anode
platec whicn -as 1o ba _machined.t Lt‘n.high p?ecision of oxygen ‘fre‘e copﬁer‘
lja& to be replaced. 'I'nisir,plate- /as nodified so 'ihf;t now only an ﬁ'set

in tte anode plate has to be exc wanged, which can be done without dis-

asse:bling the duoplasmatron. *
The gas used for most of th: 'gxperimehts was argonm. ‘The gas con-
_sumption can casny be célcul;tc 1. A total ion current of 1 ma drawm -
by the extractica :lectrode throagh the extraction opening éori?esponda
to a flov of 6.25 x 10ls particl:s/second. Since 1 cc of gas under A
19 e e e s e

Rl ibomucd i icikhadt

stancavd cdngtioixs contains 2.7 x 10 ,gg;ﬂgjg,_;hg_gaj_cmm




amour ts to a’boa: .0002 st. ccls¢ sond. ‘I‘r flow of neutral atoms through

‘the «xtraction ope-xi-vv durinw th op‘.ra*im of the discharge u nexlt- o
gibly smzll. Kowevcr, if the di ;cha-'ge is ..wit:ched off only 0001 st.
c;lr( cond of ncutrars would pass the opcning, if the pressure in the
;iuop:asniatron wouid atay cbﬁstar. . dlowe var, this pressure becones

esbout twice as high under ecomst: .: Zlow conditions. ‘ EAN R : SO

The foa current measurad at the target increases ‘br_oportional
with the extraction voltage. It is about 1 ma for an excr:\ction‘ voltagg

of 15 kv. Above 15 kv freguent Ela,éhovcrs between the extraction élec-'

trodc anc the anode ?late nake t1e operation uastable. The size(bf the .

~ focus on the target varies with che voltaze of the middle electrode of

the cinzel lens, azd it is smal’ »st vhen this foltage‘equalt the ex- .
tract iim voltage. I-xcreasing ttis voltage beyond -the extraction volugc

4‘

does aor constrict the focus amy more, it only diminishes the intensity,

beca: se _thc effective apertur__e ¢t the einzel lens becomes smaller.
On the other 'hand, the sizc of the focus decrease_s as the extrace i
tion voltage 13 1ncreased. The smallest focus vhich can be obtained at
15 kv is a spot oi about o d: meter. The si{ze and espechlly tﬁc
shapt of the tocus dcpend also c1 the ion 'beau when, at a given ex-

traciion voltage, ‘the {on currer: is increased from lower values up to. .

1 ma by incréasing the are currcit, then the focus, which is fairly =

rOunc at low ion curreat, ‘is dis:orted and becoms larger. 'l'he- reason

for r.ot achi.eving a maller foeus 13 believe«' to be a space chargc '

e e - s e o e S e s s e
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‘l'hc secondary ions sput:etcl £ton the :argct, are accelerated and

focuscd oa the mass spcctrouetet entrance siit by an i.metsion lens
» whict- consist.s of a short-and a ong copper cylinder, the l;ttet one
being grouﬁde&, uhilc thc Ectmei 1des at aipotenttal" soneuhat 'lower
' thac the tc:get poicntiai. 'nie :orrect setting 5: this i:otenthl ‘isk o
‘ significd by a shcrp iantensity ¢ :ak behind the entz;cncc -slit. The best
| voltzge bc..w cn the target and tie focusing, cylinder i.s about 1/18 of

the volcagze between target and ground.

Befcre the :;:ass spectcmctc: was. connected to the ion socrcc, an T -
~ {fon rollccto*‘ with an opening of 1[8“ diamter was mounted at the |
cona..ctic-x post. The total peak intmsities of secondaty ion: were i.n

thc crdcr c io"s ..;u;. The mass spcctromater used is a newly concttucted' |
doubze-fccusm" instrument, whlct images the eatrance slit stigaatically
ento the exit slit. The mass s;nctrun was obtained by swc»ping the |
target potential simltaneously dith l:he positive pla*e of the -energy-
analSsct, which is a toroidal ccidenser, whilc-the magnetic field wcc "
kept constant. The collector cucrent was amplified by a vibrating reed :
elecirometer and- tecorded uith a1 X-Y-Recorder. The x-deflection as
propcrtional to the target poten:hl and therefore the same mass pe;kt
appesred at the saze x-pocitions on the graph paper, independeut uhcthcr iy .

,Athe rass spectrum was scanned up:atd or dowaward and. independent of the

o_ B R
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| Before ‘each recotdiﬁg §£ a wass spbect:rum one éarticulat hass peak
%5 ciosea to adjust all parame: s Sor highest 1ou lntenai.ty. A .
maxirum o£ “the concctor current can be found by var:lation of each 6( .. E .
the follomng parameters concerr. .ng the primary fiomn beam: arc. supply
voltage, solenoid Curreut, einzc¢ . lecas’ voxta;;a, deflection plate. voltage,

and extraction voltage. The app .arance of a maxi.mu of aecondary ionl

with varia:xon of the exttactio" voltage was most surprising, beeauu

o v other investigators have found t.e sputtering yield to i.ncteue almys

] SR wi.th the energy of the prhnty 1 ms. The maximn was be“veen 10 and 12 kv

exttz:ction voltage.

Paramaters cohcerning :h_é ¢ :condary ion beam to be varied for

maxirum coilactor current are ti.: immeision lens vbi:ég"es and the voltagcf e

on three pairs of deflection p1‘ .es, posi.ioned in front of the entmcc

slit waich are used to gnide the se..cndaty 1on beaa in the ttght direc~ .

tion th:ongh :he en:tance slu.
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CSETION -3 e S

3.1 ANALYSIS OF THE PRIMARY TON BEAM

The composi.tion of the pris :ry ion beam has been analysed in the
v  ‘ ' _ follodn« way which does not reg.ire any nechanical change of the tctup.
The target has been electrically connected with the anode of the ‘duo=
‘ plaszatron. Therefore the ions :oming out of thé duoplasmatron pass thc
Aeivnzcl lens and the dgflectto:_t ¢ mdenser as Ausuil, although with lower ‘

energy, bat are then retarded to zero velocity frmediately in front of

the target. From there on they ire subsequently accelerated and focused
into the mass spectromecter by th: secoﬁdary fon optict.' metefori,
swcepmg the tatget potential as usual yiclds tl\e mass spectm of the*
fons coming out of the duoplasma:ron. Figure 1 shows a typiul mass
spectrum obtained tais way. Bes .des the large A“ péak there are aléo

- noticeable Ehe two rare argon isitopes at nasi nmbéra 38 and 36 and 8 |

very small a2mount of doubly char ;ed argon at mass 20. The Bz, Oz aml

2 - peaks suggest a small air -eak in the duoplasuatroa, houevet, :
there is also a possibiuty that the tank argon, vhich was used for this

o run, vas not quite pure. The wa.er peak 1: surptisingly mll. A mu

= peak- at mass 41 has been observed. It cannot be pougsgn-, ‘since there . .




is no 39-peak nor can it be doub y charged Kraz because the main peak ol :

lf.r'H' shpuld be at mass 42. It i al lso unlikely to be a hydrocarbon peak,
.. since there are no other hydroca bons noticeable. Host likely 1: u an

uhseable compound Ali+ uﬁich 1s k: own to exist im electtical .dhchargel.

i »

3.2 SECONDARY IONS FROM METALLI ~SAMPLES

The sputtering experiments --ere stated with mandomly picked metals | "

1 ; " .  and alloys. The sanples were pi ces of sheet metal of about 1/4 x ll2._1'ach,- o

size, which were clamped down to target plate by two steel screvs. 'l'ln . S
surfaces of the samples were not treated in a speeul way, only washed ,‘\k : R
acetoie. The Figures 2 to 7 sho- ion spectta obtained from various metals

and allojs of regulae machii;e sh -p purity.

CQpper(‘igure 2) eleatly yi :lded the two i.soto;:es at mass 63 aud 65

in tha correct ratio. A sample f brass (Figure 3) gaVe only the ‘W T

- isotcaes, but not the zinc {s0to -es. ﬂowever,~ the zinc isotopes d4id

' appear, wbeu a sample kof zinc sh :et metal (flashing) was bombarded
\"-   : o , (Figure lo). It 1s worth mention ng that ot-her ~1nvestigaeerc uork(ng o
. - vit.h lew energy (< 1000 volt) t unbarding ions never have found seeoadu'y
’_ - D ©. zinc ions. On the same trace th :re are also two copper isotopes and thc
‘ five .nickel isotopes in the corr et abundances. Intensive nickel peaks
were also obtained from a nickel sample (Figute 5). A sanple of stain- : - .
less steel (304) (Figure 6) yiel led the 1sotope: of Cr, re and N in tll.

approximate ratio of 30'10 1. A aluminum sample (Figute 7) uve LI - f j |

cawz:arably huge peak of mass 21, about two orders of ugnitude bi;gct Lo

. _than the 63—peak from the eoypet sample. 'l'hete also seems to be a s'i.

2
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" made, there uas an aluminuu 1nse at the deflectton condenser to define

. '.’mlec;hru peak AI&+;at mass S(o,":-in‘ce this peék',coula not be G*Phh“ ,
otherwise. The hiéhet sensitivi y for aluminum is partially the result o

- of electrical scanning in the ma s analyser.

'» Besides ’the. lsample pe&s, ‘t'. ere are uumerou; othet peal;s to be uen‘ A .
on the recordings. A strong pea is usually at mass 23, vhich ‘can only ’ k
‘ 7be sodiun, less strong peaks are at masses 24, 25 and 2% 1a the tight -
ratio of the Mb-isotOpes. On al . recordings, there 13 a strong Al-peak
; ;t mass 27. It sixbuld be mentio: ,ed that, vﬁm these recordiagh were -

the aoertnte of the ptinary. ion eam. After the exp;rinent with the ‘
alumisum sanple had shown how ea y sccondary 1ons are teleased fre- a
aleminum sntface, this inset was tcplaced by a copper inset. 'nu edge . V‘ : A: ' .n

of the apcztu:e showed consideta ‘le eros!.on. ‘This mst have conttiht.‘ . ;

- to the almium peak on these re :ordings, and most likely also to the “; AR
i magncsium and sodium peaks, as t .e mass spectrum ot the aluminum sample - e

(Figure 7) suggests. ’

The 28-peak was originally ‘hought to be llz

, but it nsed to ln - '_:' ’ Lo 1

acco: panied by tvo veak peakc at 29 and 30, noticeable on Haurc 3 ‘ﬂ‘t ‘1 o e B i
much clearer, on !’igures 9 to 13. The tehtive peak heights of these |
threc pesks indicate that they a-e Si-peaks. Only once a pesk at mass’ |

32 arpesred vich the Zn sample, ‘ight after the systes had been vented. .

The potassiua isotopes at ﬁxss_ 39 and 41 came out-: v&y strong from . '

Ld e et e e o i

“ali samples except llminﬁn; whe-e they are telativcl:j weaks




me 9eak at mass mmber &0 vas expected to be always the biggest
since caused by reflected argon ions. Rowever, it turned qt to be

usually :mner than the canple 1eaks. Moreover, in several.: instances .-

' (Figures 9, 10, 11 and 14) it wa: very small, vhich suggests the pos= -
si.buity that in those cases where an appteeuble htge 60-yeak has been cei

obcerved, it might be caused wair ly by Ca or naybe Hgo On l’igute
the p(.aks at mass 60, 42, 43 and 44 appear with peak heightc corresponding
about to the rel relative 1sotopic alundances of Ca. That also confim tllc

above suggestion. Consequently, since durtng opeta:i.on the pattul

pressure of argon in the apparatu: is about two orders of magm_t_ud_e_, higher . T
“  than that of any other background gas, it is very unlikely that any of the
: other peaks contain appreciable a:rsunts of ions not present in the alqlc; -
" Thae mast be the case also with tle peaks at mass 14 to 18 vhich eype:ted
‘in some fnstarces rather strongly. , : .
| 3.3 SCCONDARY IONS PROM INSULATOS - -
'1"he behavior of samples, which are electrical insulators, turned outﬂv : \ .
- to be not different from that of retallic samples. sm difficuittel were - ' :
s 'antietpated with regard to charge-up of the :lnsulator mrfaeec by tlu
_ positive primary ion bean. But a, parently either secondaty electme )
| released from the munti.ng phtc <f the camplc, or a ftection ot thc i
; H | seeondary ions released from the ample, ptweut cny najor poteatul’ ‘
= : differcnce to arise between the aq»le surface and the nount:l.ng phte, to E
S vhich secondary ion accelerating ~olugc is appud. SR - .
PIRTIRE S 10 - M
i' .: | ] . _.: * . . kv. ,’J
S 7 ‘ T
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Pigure 8 shows an ion sper trum obtained from a piece of limvhu. o
Remrkably, there are no potas\ ium peaks. The !oofpeak is be!ievedﬁto be
caused by Ca® ions, and not-by A" ions, because aiso on the ion spectru *
.obiz.med from natural mica (Fi;ure 9) the 40-peak is hardly noticeable.

| On the other hand, the potisiln a peaks obtained from mica are ;exttmlyvf '
'sfroﬁg., The peaks at u?;s'numf ers 43 and 44 are probably éau@d by

 oxices §£ ‘aluminum and s‘ilviy.‘coﬁ‘sinég these atoms appear very -toiily. ,
'ﬁm 10;1 spectrum of the synthe.ical product "Sup_ran‘lca'.'. (H.gure 10) 1. |

-4

quite similar to that of natur.l mica, only the A1Y ana s1¥ - peaks are |

less high, and consequently th. .810"- ard sio* - peaks are missing.

Figures il to 14 show ion spectra of. the rock samples supplied l!yb
JPL. All of the expccted ions appear in the spectra, although probably
the relative intensities of th‘ elements differ from the actual aMm.

It .,hould be enphasized tiat d e to the scanning of the accelerating

-field the ion collection effic' ency for the higher masses is lnch mlhtr '

than for the louer masses. 'I’n 8 also accounts for the fact that l:hc
iso.opic abundance ratios of e ements vwith seveul 1so:opes seem to ln i
shi-ted :l.n favor of the lower : asses, vhtch is espectally ‘appareat vtt.b

the Mg - and Si.-peah.

The only backzround peaks appearing with these huuhm uq:lu seem
to be copper and the constitue: ts of steel, vlii.ch are tlu -nmhlc ot L _ 'j
_which the duophsnatron and pa: ts of the prtury and ucondary ion opdsc




, D:SCUS!IO! |
~Although the phmMm of 3 »u;t ring is not fully ondeutood, i Lo
_seens that the ral:io of sputtercl ions to sputtered neutrsls caa be u- .
pressed by the Langmuir-Saha for mla: e 1
: B +$,. 0 ., | Y SRR :
N ¥° = eplllcos-/T)
Me : e |
o ll*:nnmbe.rof positive iou ° ) .
*° = nusber of neuttah ' |
W= votk fu:ctton of sntfaec SR R '> |
BRI R 1= 1oniatloa potential of pattich | .
: e ‘1‘: tempera.nrc of surfm in ‘l ' ' :y A |
. This formula actually appltc: te thermal i.ouiuuon on hot surfaces. === -
In the case of sputtering the te perstue ‘r tepteunto a hlghly loau:od .
'“apparent tenpetatnre being muc1 higher thm the bulk tqeratm:c of tbc -t
.saq:le, vhich 1- kept in our cas: around room tenpeutm by eoolh; :h
: L _order to prevent evapotiaﬂm. i
e _.;g o i e : e P




If the ionizkatiycm‘: potenttn' .£ the particle is lower than the vork |
func:ttn of the 't_urf.tce; then th éxpoqmt-ia positive and pract. 3lly k=
ali particles come Off. n fonizei form, independent Of the temperature.
| fhh is um.-uy ‘the case with tlﬁ Ali.l svaporating fro- a surface other

-

Pwevet, if the ionization p -tentul of the particle is Mghct than

the work Euuction of the surface tban the exponent is negative, and tln

fraction of ionized particles de .ends very strongly on the difference of

thos:: two figures. For pure zin: for ms:ance, the diffcteuce u |

I-%=9.39- 4.27 =5.12 ev, ¥ rereas for pure Aluniw- it 1is ouly

5.98 - 4.20 = 1-78 ev. ‘Ihis acc wnts for the fact that the Al-fons

aébtated ’s’so. much stronger than t ;e Za-ions. One vay to find tbc actull s
. app..tent temyetature vonld be 0 coware the amount of sputtetod 1«:0

- with the anoaat of sputtered ne::rals. No ptoviuon for mch a -euuro-

ment is rade in thg presgnt setur. However, from the reeotded fon in-
tentiti._es a rough estimate of th: “cpparent teqetatnte" exhttng under "

the conditious of the measuremen:s can be made. Auuning equal. total

the mau spectrometer, one can write down the above for-nla for the two = g
elemcnts and eliminatc the tempecature ‘t, vhich is umd to be tho uu
~in both cases. Doing this vith the 1on intensities obtained fm Al, li,

‘ Cu and Zn we arrtvd at an averag: apyarent teqetatnrc of about sooo'x.

. N
- . R N " . . 3 "
e - el

sputtering yield for any two ele aentt, and .also constant seusttivity o! e

_.~ - Onc =ore look at the hnguni -Saha fomh un. us that in m ’

—— Ghere-the ionintims poccacul—x 1s hrgu' than the mrlrfnncuo- ',‘t‘l.




. energy or the momentum of the p:imary ions. It is known that the total

o mfuee layprs could play a rolc. The primary ion beanm of 1 ma intenuty

L] T rd
" fraction of 1onized particles iicreases with the tenpereture. l’ot ' '
1n£1n£te temperature the ratio wuld become unity, which ueanl, thet u
' many partielea would come off tla surface in 1ouized form as 1n neutul
fom, i.ndependent of the differ.ace between ionintton potnthl and
- work function. 'l'herefore, the ciscrimination between different elencatl | ot
' I;ecmnes smaller 1if the apparent texmperature” can be made higher. It is e

very ltkely thlt this "apparent temperature increases wtth etthcr the

- sputtering yield increases with the momentum of the primary {ioms.. m.-
. question whether the energy or tie momentum is the deeiding factor for
the “apparent termperature™ coulc be determined by using arron lone of

higher ‘energy and also some hea‘ ler noble gas ion of the same energy. [ |

- i The dtseriminati.on betveen dfferent elemeats due to different toul .

sputtering yields comes elso into the picture, but seems to be by far S ORI
’ ‘ B . a ‘.i -

not as severe as the discrimination effect deseri.bed above. ) - '

One point worth consideratica 1s the question if the fomtiou ot

: eovering a spot of 3 mm diazeter on the target eorresponds-to a bombarde

16 pcn:i.elesh:mz sec. 'me average dhtauce D L o]

betwcen the atoms on the surfaec of the sasple is about 10 -8 eu, vhi.eh ) LT
16

-

ment rate of roughly 6 x 10

. gtves an area deusi.tj of 10 partieleslca « Since it can be auu-ed :

| that on the averege eaeh Bombardng partiele delihnte: one particle

£ro- the surface, one can concltde from thele ﬁguree that 1t takee only ‘;f‘ i

— mw,—.emawrmn s mhyerfm the mfaa----h—“—"*m“




the other hand, at a Baékgrpund ressure of 10'5 torr, the uunber ot

' gas varticles, vhich hit the sar -le'surf_ace, is roughly 3 x m" L

patti:lealcnz sec. This is by a factor 20 less than the bonbattheat L
race of the primary 1on bean, wh .ch means that the fomti.oa of lny |
surface layer on the sample due o the b..:.xgmund gas can not eoqet. 4 o S
with the 'emoval of particlu fr m l:he mtface. All origiml mtf_aec - |
layex 3 are quickly removed by th: primary ion beam, which theraftet

bomba - ds:.\e clean snrface of ‘the sanplc.




SECTION S

Cf YCLUSIC

The syuttering ion sodrce fue the ‘analysin of ooltdo,‘ vhich has b _ - .-
A been buiit duting the first pha:: of the contract, hu been tettd R | | .
thoroughly during this second plise of the contract. lhch val.ublcl S o

experience has been collected alsut what tmprovenenu could be ptdo h B |
the di.ra;ti.;n of increasing the ion yield and diminishing the discrimin- ‘ |

ation effects. - : i |
One surprhing and very valuible feature of the new 16, . irce 1s - v

that the giseous background fror hydrocarbons and the constituents ,g‘ %‘:

T the air seem to be negligibly scall coapared to'the intensities of the

. -putteted inns. The mass spectn 'a"tc extrenely simple and »coniis;;k e Elt _'
- euentuuy only of yuka from slnglc fonized atoms:. . o

«®

Ano:her nntqnc featnrc of dw 1on source as co-pated to thc con-

‘ventional spark source 1is- 1ts s.able operatm, uhlch pet-tu elocu’o- - L._.','

Ietric recotdi.ng of the -us ‘P‘v ST e .
SR IE_.‘i". be stated, that the ris :sults are very eucouram and 1t lookca < e

: . as if this novcl. ion source coull becou a nniquc tool for uoudo mlyoh, L

[ 'appucablc to couducti.ng and nuuun. -atetuh P nu.
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